The temporal evolution of the photoexcited state in quasi-one-dimensional ͑1D͒ halogen-bridged platinum complexes ͓Pt(en) 2 ͔͓Pt(en) 2 X 2 ͔(ClO 4 ) 4 ͑abbreviated as Pt-X, XϭCl, Br or I͒, has been comprehensively studied by femtosecond time-resolved luminescence spectroscopy. In Pt-Cl, new short-lived hot luminescence is found in the low-energy side of a self-trapped exciton ͑STE͒ luminescence band. The overall behavior of the STE luminescence band within 2 ps is well explained by the vibrational relaxation of the STE. The behavior is reproduced by a model calculation based on wave packet propagation on an interaction mode composed of frequency-dispersed bulk phonons. This model is also applied to the previous results in Pt-Br. For both Pt-Cl and Pt-Br, the frequency spectra of phonons which compose the interaction mode have been estimated. In Pt-I, the STE luminescence decays much faster than those in Pt-Cl and Pt-Br, showing existence of more effective nonradiative decay channel.
I. INTRODUCTION
Structural changes induced by electronic excitation have been of continued interest in condensed matter physics. It is well known that the photo-generated free carriers and excitons in insulators often bring about the local lattice deformation and become localized. Such self-trapping phenomena have been studied over years, 1 However, from the experimental point of view, some basic problems are still left open. One of them is how the localization of electronic wave function is triggered and what kind of phonon mode stabilizes the localized state. We can observe the so-called local mode ͑or defect mode͒ relevant to the localized electrons by Raman and far-infrared ͑FIR͒ spectroscopy. It is often assumed implicitly that this local mode triggers the localization and stabilizes energetically the localized electronic state. However, there is no obvious experimental evidence that shows this special normal mode is responsible for triggering the localization and for energetic stabilization.
It gives valuable information on the self-trapping mode to observe directly the temporal evolution of a system during the self-trapping process by femtosecond spectroscopic experiments. In particular, the time-resolved luminescence measurement is suited for this purpose. This is because the wave packet sliding along the mode can be observed at arbitrary points simply by varying the detection photon energy. The correspondence of the photon energy with the configuration coordinate along the mode is very simple because it depends only on the potential energy curves of the ground and the first excited states.
Halogen-bridged platinum complexes ͓Pt(en) 2 ͔ [Pt(en) 2 X 2 ](ClO 4 ) 4 ͑hereafter, these are abbreviated as Pt-X, en ϭ ethylenediamine. XϭCl, Br, or I.͒ are typical quasi-one-dimensional ͑1D͒ strongly coupled electron-lattice systems. Their crystal structure is characterized by a linear chain composed of alternating Pt and halogen ions. This . This mixed-valence state is understood as a commensurate charge-density wave ͑CDW͒ caused by the Peierls instability of 1D metal. In Table I , the fundamental structural and optical properties of Pt-X are summarized. The ratio of Pt-X distances d 2 /d 1 becomes smaller with increasing the halogen ion radius because it is more difficult for larger ions to approach Pt 3ϩ ions. The single crystals of Pt-X are known to exhibit an intense chain-axis-polarized optical absorption band from near-infrared to visible wavelength range.
2 This absorption band has been assigned to a charge-transfer ͑CT͒ optical excitation of an electron from Pt 3Ϫ to Pt 3ϩ . It gives . represents the deviation in valency of Pt ions from 3 ͑Ref. 2͒. E CT and E lm are the peak energies of the CT exciton absorption band at room temperature and the STE luminescence band at 2 K, respectively ͑Ref. 2͒. R is the frequency of the Raman-active symmetric stretching mode ͑Refs. 5-7͒. T vib is the vibration period of the mode.
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Pt-Cl Pt-Br Pt-I a pair of Pt 3ϩ ions, i.e., a CT exciton. The peak energy of this absorption band (E CT in Table I͒ becomes higher with  decreasing the halogen ion radius because the displacement  of halogen ions is responsible for the energy stabilization of  electrons on Pt  3Ϫ sites. The photogenerated exciton is initially in the Bloch state, and its wave function extends over the 1D Pt-X chain. However, the exciton immediately relaxes to the self-trapped state and causes the local lattice deformation because of the absence of energy barrier between the free and self-trapped states in 1D systems. 8 As the positions of Pt ions are rather tightly fixed by the surrounding ligand molecules ͑ethylene-diamine͒, the deformation of lattice in Pt-X is chiefly the movement of halogen ions X Ϫ . The X Ϫ between the two Pt 3ϩ ions is expected to be displaced to the position close to the middle point of the Pt 3ϩ ions. When the crystals of Pt-X are excited at the CT absorption band or higher energy, intense Stokes-shifted broad luminescence bands due to the self-trapped exciton ͑STE͒ appear in the near-infrared wavelength region. 9 This luminescence is known to be strongly polarized parallel to the chain axis of the crystal. In Table I , the luminescence peak energies are summarized (E lm ). The peak energy becomes lower with larger halogen ion, i.e., with lower CT gap energy. In addition, the frequency of the Raman-active symmetric stretching mode is shown in the table ( R ). It naturally becomes lower with increasing the halogen ion mass.
In this paper, we report the results of femtosecond timeresolved measurement of the STE luminescence in Pt-X. In Pt-Cl, new short-lived hot luminescence originating from the excited vibrational states of the STE is found in the lowenergy side of the STE luminescence band. The overall behavior of the STE luminescence within 2 ps in Pt-Cl is well understood by the vibrational relaxation of the STE. It is reproduced by a model calculation based on wave packet propagation on an interaction mode composed of frequencydispersed bulk phonons. This model is also applied to the previous results in Pt-Br, 10 and for both the systems, the frequency spectra of phonons which compose the interaction mode have been estimated. Meanwhile, the annihilation dynamics of the STE is investigated by observing the decay of the luminescence. In Pt-I, the STE decays much faster than in Pt-Cl and Pt-Br.
II. EXPERIMENT
The time evolution of luminescence has been investigated by the frequency up-conversion technique. The light source is a mode-locked Ti:sapphire laser ͑central photon energy 1.6 eV, average power 900 mW, repetition rate 90 MHz, pulse width 60 fs͒. A schematic diagram of the measurement system is shown in Fig. 1 . The output beam of the ultrashort pulse laser is divided into two beams. One of them is used for the excitation of a sample. It is either the fundamental frequency or the second harmonic ͑SH͒ light of the Ti:sapphire laser. The polarization direction of the excitation light is variably rotated by a half-wave plate ͑HWP1͒. The average excitation power is reduced to about 1 mW ͑about 3 W/cm 2 ) by a neutral density filter so as to prevent the damage of the sample. The luminescence of the sample is collected and focused onto a nonlinear optical crystal (LiIO 3 , thickness 0.5 or 1 mm͒ by off-axis paraboloidal mirrors. Another beam of the Ti:sapphire laser ͑''gating pulse'' in the figure͒ is suitably delayed and focused onto the same nonlinear crystal. The time-resolved luminescence is detected as sum frequency photons generated from the luminescence and the gating laser pulse. The sum frequency light is collected and focused into a double-grating monochromator, and is detected by a photomultiplier tube with a photon counter. The time evolution is measured by varying the time delay of the gating pulse with respect to the sample excitation pulse. For the excitation of Pt-Cl samples, the SH light of the Ti:sapphire laser ͑photon energy 3.2 eV͒ is used. The time resolution of the measurement system is about 160 fs in this case. For the excitation of Pt-Br samples, the fundamental frequency light ͑1.6 eV͒ is used, and the time resolution is about 90 fs. In experiments with Pt-I samples, the output beam of a Ti:sapphire regenerative amplifier ͑central photon energy 1.6 eV, repetition rate 100 kHz, pulse width 100 fs͒ is used as a light source. In this case, the time resolution is rather worse and about 170 fs due to the larger laser pulse width.
As will be described in the next section, the direction and degree of luminescence polarization are examined for Pt-I samples. For this purpose, another half-wave plate ͑HWP2͒ is placed between the paraboloidal mirrors. As only the polarization component of luminescence satisfying the phasematching condition for sum frequency generation is frequency up-converted, the nonlinear crystal acts as a polarization filter. Thus, by variably rotating the polarization direction of luminescence by HWP2 and measuring the intensity of sum frequency signals, we can analyze the direction and degree of polarization of the luminescence.
All the experiments have been done with as-grown single crystals of Pt-X. In this study, the Pt-X samples are always kept at room temperature ͑296 K͒ in experiments.
III. RESULTS AND DISCUSSION

A. Model of hot luminescence
First of all, we describe the model to calculate the time dependence of luminescence. By comparing the calculated results and the experimental ones, we can obtain the frequency spectra of phonons which compose the interaction mode of the self-trapping process. We consider a two-level system of an electron coupled with bulk phonons through a linear interaction. In the strong coupling limit, the spectrum of transient hot luminescence in the system is given by Kayanuma 11 as
Here, ⍀ 1 and ⍀ 2 are incident and scattered photon energies, respectively. ⑀ (t) is the time-dependent Franck-Condon energy and given as,
͑2͒
⑀ is the electronic excitation energy and E LR is the lattice relaxation energy. D represents the spectral width of the linear absorption ͑or luminescence͒ band. J() is the spectral density function, which defines the frequency spectrum of phonons coupled to the electronic state. D (t) expresses the time dependence of spectral width of the hot luminescence and is given as
͑3͒
For strong electron-phonon coupling, it is necessary that the electron interacts with phonons of a wide range of the Brillouin zone. For this sake, the spatial size of the electronic wave function need to be of the order of a unit cell. Under this situation, the interaction mode consists of the modes continuously distributed within a finite frequency width reflecting the frequency dispersion of phonons. Then, the spectrum J() is composed of continuous bands of finite widths.
For the fitting to the experimental results, we simplify the above three equations in the following way. First, Eq. ͑1͒ is modified as
The last factor exp(Ϫt/) represents the decay of luminescence, i.e., the annihilation of STE's. is the lifetime of STE. Second, the time-dependent Franck-Condon energy ⑀ (t) is modified as
The function JЈ() is dimensionless normalized spectral density and has to satisfy the following condition;
The term (⍀ 1 Ϫ⑀)/2D 2 in Eq. ͑2͒ is neglected because the excitation photon energy is always in the CT absorption band in this study (⍀ 1 Ϸ⑀). Thus, JЈ() has the relationship JЈ()ϰJ()/. The time dependence of spectral width D (t) is expressed as
A constant term D 0 is added. This represents broadening due to the finite spectral width of the excitation laser pulse.
When the spectrum JЈ() is composed of continuous bands of finite widths, the relation
is satisfied because of dephasing among different frequency components at large t. Then, the relations
are satisfied. All the calculations based on the model have been performed with the convolution of Eq. ͑4͒ with the response function of the measurement system. In the previous reports, 10,12 different models from the above one are applied to Pt-Cl and Pt-Br. The model described here can, however, be applied to both the systems. It manifests naturally both the energy and phase relaxation of a vibrational state without defining a phenomenological energy-dissipation rate.
B. Pt-Br
Here we apply the model to the previous results in Pt-Br. 10 In the experiment, the samples of Pt-Br at room temperature are excited at 1.6 eV. This photon energy corresponds to the low-energy tail of the CT absorption band. The excitation light is polarized parallel to the chain axis of the crystal. It produces the free excitons with small kinetic energy. The luminescence is observed over the photon energy range from 0.7 to 1.4 eV which includes the peak of the STE luminescence band of about 0.8 eV. The polarization component of luminescence parallel to the chain axis is observed.
The time evolution of luminescence is shown in Fig. 2 . It shows strong dependence on detection photon energy. The calculated results are shown as dotted curves in the figure. The lattice relaxation is assumed to start at tϭ0. In the calculation, the parameters shown in Table II are used. These values are determined as follows. The electronic excitation energy ⑀ is given by the position of the low-energy edge of the CT absorption band. The lattice relaxation energy E LR is determined from the luminescence peak energy 0.8 eV (ϭ⑀Ϫ2E LR ). The initial spectral width of hot luminescence D 0 is given by the transform-limited band width of the 50 fs excitation light pulse. The final spectral width D 0 ϩD 1 is determined from the fitting to the experimental data. The obtained value of 0.155 eV corresponds to the FWHM of about 0.37 eV. As the STE luminescence band in Pt-Br has the spectral width of about 0.26 eV ͑FWHM͒ at 2 K, 13 the value of 0.37 eV is quite reasonable when we take account of thermal broadening at room temperature. The lifetime of STE is determined from the luminescence decay (5.5 Ϯ1 ps). 10 To reduce the degree of freedom in JЈ(), we have to assume a specific function shape appropriately. We have tried several types of JЈ(), and have found the following form which consists of two Gaussian components with the same center of gravity is appropriate.
͑11͒
Here c is the center of the phonon frequency. The frequency width W 1 is assumed to be larger than the other one W 2 . Parameter a represents the weight of the contribution of the second component. These four parameters determine the shape of JЈ(). Their values are determined from the fitting to the experimental data as shown in Table II . The obtained JЈ() is plotted in Fig. 3 . The time origin of the experimental data in Fig. 2 is determined by the fitting with the calculated results. As seen in Fig. 2 , the model reproduces the experimental results very well. We can see a distinct temporal oscillation with a period of about 290 fs. This period determines the value of T(ϭ2/ c ). At 1.4 and 1.3 eV, the intensity of the second oscillation peak ͑indicated by arrows͒ is very weak, compared with that of the first one in both the experimental and calculated results. This shows the wave packet returning from the first turning point can not get back to the same position for these high transition energies. This can be seen in Fig. 4 , where the energy position of the wave packet ͓the time-dependent Franck-Condon energy ⑀ (t)͔ is plotted as a function of time t. The fast damping of the oscillation in ⑀ (t) arises from the contribution of the first Gaussian component of the broader spectral width W 1 (ϭ2 c /3) in JЈ(). If JЈ() did not include this component, the second peak in the calculation would be much stronger than the experimental result.
The relative intensity of the second peak increases with decrease of the emission photon energy. At 1.1 eV, it becomes stronger than the first peak. This is reproduced by the calculation. The relative intensity of the second peak to the other ones becomes maximum at 1.0 eV. This means the center of the wave packet has the second turning point around the position for this transition energy. This is shown in Fig. 4 . In the same way, the third peak appears and increases its intensity with decrease of the photon energy. As indicated by an arrow at 1.1 eV, the oscillation is followed by the slow decay with a lifetime of about 5.5 ps. 10 At 0.9 and 1.0 eV, the oscillation lasts at least for five periods. To reproduce this fact in the calculation, the second Gaussian component of the narrower frequency width W 2 is included in JЈ(). The width is determined uniquely to be 2 c /14. As the energies are close to the transition energy from the bottom of the STE potential well, the luminescence intensity does not show fast decay.
At 0.8 eV, the oscillation disappears. It is reproduced well by the calculation. At this energy, only one oscillation peak indicated by an arrow is observed. This photon energy is equal to the peak of the stationary luminescence. The disappearance of the oscillation at the peak can be understood as follows. As the period of the wave packet oscillation is about 290 fs, the wave packet goes through the potential minimum every 145 fs. Actually, the time-dependent Franck-Condon energy ⑀ (t) in Fig. 4 passes through the energy of 0.8 eV every 145 fs. Thus, if the time resolution of the measurement was sufficiently good, the oscillation of the period of 145 fs would be observed in the luminescence at 0.8 eV. This oscillation is, however, invisible in the experiment because half the period ͑72.5 fs͒ is shorter than the time resolution ͑90 fs͒. At 0.8 eV, only one oscillation peak indicated by an arrow is observed at the very early time. It is due to the first transit of the wave packet at the potential minimum, and reproduced in the calculation as a small hump.
At 0.7 eV, the oscillation appears again both in the experimental and calculation data. At this energy, the oscillation lasts at least for three periods. It can be seen in the experimental data that the intensity of the first oscillation peak ͑indicated by an arrow͒ is as strong as that of the slow decay component. It is reproduced well by the calculation. At 0.9 eV, the intensity of the first peak ͑indicated by an arrow͒ was about half of the slow decay component intensity. This is also reproduced by the calculation. By assuming the appropriate spectral density function JЈ(), the model has reproduced the above many important features of the experimental results. Figure 5 shows the time-resolved hot luminescence spectra calculated from the model with the parameters shown in Table II . At tϭ0, the spectral width is as narrow as the band width of the excitation light pulse. It, however, broadens out very rapidly and becomes maximum at tϭT/4 (ϭ72.5 fs) when the wave packet passes through the potential minimum. Then the width narrows slightly, and the wave packet reaches the first turning point at tϭT/2 (ϭ145 fs). After one oscillation period ͓at tϭT (ϭ290 fs)͔, the spectral width becomes much broader than the initial one. The time dependence of the spectral width D (t) is plotted as a dashed curve in Fig. 4 . The spatial size of the electronic wave function shrinks simultaneously with the first cycle of the wave packet oscillation along the interaction mode. Thus, this mode is responsible for triggering the localization of the electronic wave function and for energetic stabilization of the localized state.
Tanaka and Kayanuma 14 theoretically investigated the effect of exciton transfer on the self-trapping dynamics in a 1D system, and calculated the time evolution of luminescence. In the large exciton transfer case, the peak position of the hot luminescence spectrum stands still around the excitation photon energy for a moment, and then the damped oscillation starts. This reflects that the exciton remains free for a while after the photoexcitation owing to the effect of the transfer. Table II for Pt-Br. The spectra at tϭ0, T/20, T/4, T/2, and T are shown. T is the period of the wave packet oscillation ͑290 fs͒. The abscissa represents the luminescence photon energy.
Thus, the transfer may influence on the starting time of the damped oscillation which is not determined experimentally in this study.
Here we discuss the phonon modes which contribute to the interaction mode. In Pt-Br, the frequency of the Ramanactive symmetric stretching mode is 166 cm Ϫ1 . The frequency dispersion of this mode is known to be very small. 15 Thus this frequency is too high to explain the observed value 115 cm Ϫ1 ͑the period Tϭ290 fs). In FIR reflectivity 16, 17 and transmittance 18 spectra of Pt-Br, several vibration modes appear around 115 cm Ϫ1 . Although their origin is not clear, it is possible that they contribute to the interaction mode. There is another possibility which seems to be more realistic. The dispersion relation of vibration in Pt-X chain is calculated by Bulou et al. 15 It shows that two dispersive modes lie at moderately lower frequency than that of the symmetric stretching mode. They may contribute to the interaction mode. As the exciton wave function becomes localized in the spatial size of the order of a unit cell, it can be coupled to the modes throughout the Brillouin zone. As shown in Fig. 3 , the interaction mode has the broad spectral width. It might be due to the dispersion of those modes.
Dexheimer et al. 19 observed a temporal oscillation in the time-resolved transmittance of ͓Pt(en) 2 ͔͓Pt(en) 2 Br 2 ͔(PF 6 ) 4 ͑abbreviated as Pt-Br/PF below͒. This system consists of the same chain structure as Pt-Br of alternating Pt and Br ions. The Fourier power spectra of the data shows two peaks at 110 and 175 cm Ϫ1 . The peak at 175 cm Ϫ1 corresponds to the symmetric stretching mode in Pt-Br/PF. It should be noted that the frequency is very close to that in Pt-Br ͑Table I͒. The peak at 110 cm Ϫ1 corresponds to the self-trapping mode. This frequency is very close to that in Pt-Br (115 cm Ϫ1 ). The oscillation of the mode decays very fast and disappears after 1 ps. This fact is in good agreement with our previous result in Pt-Br.
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C. Pt-Cl
In the previous report on Pt-Cl, 12 the detection energy range was limited above 0.95 eV. By observing the luminescence below 0.95 eV, we have found a new fast decay component. Here, we report the overall behavior of luminescence which include the new fast component in the low-energy side. In the experiment, the sample at room temperature is excited at 3.2 eV by the light polarized parallel to the chain axis. The excitation energy is in the high-energy side of the CT absorption band. It produces the excitons with large excess kinetic energy. The polarization component of luminescence parallel to the chain is observed. Figure 6 shows the time evolution of luminescence at the emission photon energies from 0.85 to 2.1 eV. Around the peak of the band ͑1.2 eV͒, the luminescence decays slowly. The lifetime of the slow decay component is 30Ϯ10 ps. 12 In addition, a fast decay component appears at the high-energy tail of the band ͑above 1.8 eV͒. It decays within 1 ps and becomes faster in higher energies. The intensity of the fast decay component relative to the slow one increases with increasing emission photon energy. Around the peak energy ͑1.2 eV͒, the luminescence rises slowly. As can be seen in the figure, this rise becomes faster in the low-energy side of the luminescence band. The rise below 0.91 eV is very fast and limited by the experimental time resolution ͑160 fs͒. In the data below 0.95 eV, we can find the appearance of a fast decay component of the lifetime of about 1 ps. As seen in the figure, the intensity of this component relative to the slow decay component becomes stronger at lower photon energy. The lifetime is very close to that of the fast component in the high-energy side, and becomes shorter with decrease of the detection energy.
We apply the model to the present result in Pt-Cl. The calculated results are shown in Fig. 6 as dotted curves. The values of fitting parameters used in the calculation are shown in Table II . The electronic excitation energy ⑀ is determined to be 2.6 eV. This energy is in the low-energy side of the CT absorption band. The lattice relaxation energy E LR is determined to be 0.66 eV. The ⑀ and E LR give the stationary luminescence peak at 1.28 eV (ϭ⑀Ϫ2E LR ), which is very close to the reported value. 2 The initial spectral width of hot luminescence D 0 is given roughly by the band width of the excitation light pulse. The final spectral width D 0 ϩD 1 is determined to be 0.235 eV. This width is equal to the FWHM of about 0.55 eV, and is close to the real width of the stationary luminescence in Pt-Cl at room temperature. The lifetime of STE is experimentally determined. 12 The oscillation period T at the central phonon frequency c is assumed to be 140 fs. This period is a little longer than the period of the symmetric stretching mode in Pt-Cl ͑Table I͒. It is assumed from the analogy of Pt-Br in which the oscillation period T is a little longer than that of the symmetric stretching mode. The other three parameters W 1 , W 2 , and a have to be determined from the fitting of the calculation data to the experimental results. They determine the shape of the function JЈ(). Here, to reduce the degree of freedom, the ratio W 1 /W 2 ϭ14/3 is assumed from the analogy of the result in Pt-Br. This assumption enables us to obtain unique values of a and W 1 ͑and W 2 ). The obtained JЈ() spectrum is shown in Fig. 3 . The model calculation is performed with the convolution with the system response function.
As shown in Fig. 6 , the calculated results are in good agreement with the experimental ones. They have reproduced the following important features of the experimental data: ͑1͒ the fast rise and decay in the high-energy tail of the luminescence band ͑above 1.8 eV͒, ͑2͒ the slow rise around the luminescence peak ͑1.2 eV͒, ͑3͒ the faster rise at lower energy in the low energy side of the luminescence band ͑be-low 1.2 eV͒, ͑4͒ the appearance of the fast decay component in the low-energy tail of the luminescence band ͑below 0.95 eV͒, and ͑5͒ the intensity ratio between the fast and slow decay components. The excellent agreement with the experimental data, which includes the presence of the fast decay component in the low-energy side of the band, assures us that the observed time dependence within 2 ps reflects the lattice relaxation of excitons. The system during the process is expressed as the oscillating wave packet on the interaction mode. However, it is not observed explicitly. Probably it is because the oscillation period is shorter than the experimental time resolution ͑160 fs͒.
D. Pt-I
Here, we describe the experimental results in Pt-I. In the experiment, the samples at room temperature are excited at 1.6 eV. This energy is at the high-energy side of the CT absorption band. Figure 7 shows the time evolution of luminescence in Pt-I at various photon energies from 0.7 to 1.4 eV. The experimental data are shown by dots in the figure. In the measurement of the data in Fig. 7 , the excitation light is polarized along the chain axis of the crystal, and the polarization component of luminescence parallel to the chain is observed. The time dependence can be expressed by the double exponential decay I(t)ϭ(1Ϫe Ϫt/ r )(I f e Ϫt/ f ϩI s e Ϫt/ s ). The fitting curves are shown in the figure by solid ones. The faster decay component has a lifetime f of about 650 fs. This component is observed all over the detection energy range. The small deviations of the fitting curves from the experimental data before tϭ0 are probably due to an experimental artifact. They, however, does not affect the estimation of the lifetimes f and s which are sufficiently long. The dependence of f on the emission photon energy is shown in Fig. 8 .
The observed time evolution of luminescence in Pt-I is very different from those in Pt-Cl and Pt-Br where relatively slow decay is observed around the peak. In contrast, we can not observe such slow decay even at energies close to the peak ͑0.6 eV͒. To investigate the origin of the fast decay component ( f ϭ650 fs), the dependence of the luminescence on the excitation polarization direction is observed as shown in Fig. 9 . In the measurement, the polarization component of luminescence parallel to the chain axis is observed ( lum ϭ0°). We will use below the angles lum ͑luminescence polarization direction͒ and exc ͑excitation polarization direction͒ which are defined by an inset in Fig. 9 . As can be seen in the figure, the fast decay component does not appear at all under the excitation polarized perpendicular to the chain axis ( exc ϭ90°). As the excitation energy of 1.6 eV is in the high-energy side of the CT absorption band which is polarized strongly along the chain axis, this data shows the initial state of luminescence of the fast decay component is created from CT excitons on the chain.
Next, the polarization of luminescence itself is examined. The time evolution of luminescence at 0.95 eV of several FIG. 7 . Time evolution of luminescence in Pt-I. The emission photon energy is indicated for each data. The dots are experimental data. The solid curves are fitting ones that assume double exponential decay. They are obtained from the convolution with the system response function. The sample is excited by the light polarized along the chain axis ( exc ϭ0°, refer to the inset in Fig. 9 .͒. The polarization component of luminescence parallel to the chain is observed ( lum ϭ0°). different polarization directions lum (ϭ0, 30, 60, and 90°) is shown in Fig. 10 . The sample is excited by the light polarized at four different angles relative to the chain ( exc ϭ Ϫ45, 0, 45, and 90°). As clearly seen in the figure, the fast decay component is strongly polarized along the chain axis independently of the excitation polarization direction. This shows the transition dipole moment of the fast decay component is always parallel to the chain axis. As this polarized luminescence has a very broad band ͑Fig. 7͒, it should be attributed to the recombination of localized CT excitons on the chain, i.e., STE's.
As the stationary luminescence of STE in Pt-I has the peak at about 0.6 eV ͑Table I͒, the observed emission energy range ͑from 0.7 to 1.4 eV͒ corresponds to the high-energy side of the STE luminescence band. The lifetime f of the fast decay component shown in Fig. 8 becomes shorter with increasing the detection photon energy. It becomes about 400 fs at 1.4 eV. From the analogy of the results in Pt-Cl and Pt-Br, we suppose that the shortening of the lifetime at higher photon energy reflects the vibrational relaxation of STE. The luminescence lifetime of 650Ϯ50 fs near the peak energy ͑0.6 eV͒ gives the lifetime of STE itself. Although we observed slow rise of luminescence around the peak due to the vibrational relaxation of STE in Pt-Cl and Pt-Br, we do not observe it in Pt-I because the lifetime of STE itself is extremely short.
The STE lifetime in Pt-I at room temperature is recently reported to be much longer than a few picoseconds from the results of the time-resolved reflection spectroscopy. 20 However, the lifetime determined here from the luminescence decay is much shorter ͑650 fs͒.
As can be seen in Fig. 7 , an additional slow decay component with the lifetime s of 5Ϯ1 ps is observed around 1 eV. This component is observed even under the excitation polarized perpendicular to the chain axis ͑Fig. 9, exc ϭ90°). The luminescence of the slow decay component is, however, strongly polarized along the chain axis ͑Fig. 10͒. At present, we tentatively attribute it to the luminescence of STE's perturbed by lattice imperfections or to the radiative recombination of polaronic defect states on the chain. It is because the relative intensity of this component to the fast decay component depends strongly on samples.
Although the phonon frequency is expected to be lower than those in Pt-Cl and Pt-Br, we have not observed the wave packet oscillation in Pt-I. It might be due to the rather worse time resolution of the measurement ͑170 fs͒.
E. Comparison of lifetimes of STE in Pt-X
Lastly, we compare the lifetimes of STE in Pt-X (XϭCl, Br or I͒. In Table III , the lifetimes at room temperature determined in this study are summarized.
The observed lifetimes should be ascribed to a nonradiative annihilation process, because the radiative lifetime of STE in Pt-X has been estimated to be much longer ͑4 -6 ns͒ from the oscillator strength of the CT transition. 21 This process is a thermally activated one in Pt-Cl, as assured by the temperature dependence of the luminescence lifetime. 22 As seen in the table, the STE lifetime depends strongly on the bridging-halogen ion. It becomes shorter with increasing the halogen ion radius. This fact is in good agreement with the stationary luminescence intensity of Pt-X which becomes weaker with decrease of the CT gap energy. 23 Iwano 24 theoretically investigated the relaxation process of STE in Pt-X by calculating the adiabatic potential energy surfaces with the so-called 1D extended Peierls-Hubbard Fig. 11 . The vertical axis Q ST is the configuration coordinate of the interaction mode in the self-trapping process. The horizontal axis L expresses the distance between a soliton and an antisoliton. The relaxation along this axis means the dissociation of exciton to the charged-soliton pair, which is possible in the doubly degenerate 1D CDW state. The system can return nonradiatively to the ground state via the soliton-pair state which is separated from the STE state by a small energy barrier. This relaxation process has been proposed for the excited-state dynamics in relative systems of Pt-X. 23 It is indicated by a solid arrow B in the figure. The stability of the STE in Pt-X depends on the energy barrier height at the saddle point and is reflected in the luminescence lifetime.
From the observed dependence of STE lifetime on the bridging-halogen ion, it is supposed that the barrier becomes lower with decrease of the CT gap energy. An experimental data which support this speculation is that the chargedsoliton pairs are efficiently produced by photoexcitation in narrow CT gap Pt-X systems. 23 In Pt-Cl and Pt-Br, the system is temporarily thermalized around the local potential minimum of STE due to the relatively higher energy barrier ͑process A in Fig. 11͒ . Then, it goes toward the soliton-pair state by thermal activation ͑process B͒. In Pt-I, on the other hand, the system seems to go toward the soliton-pair state before it thermalizes within the STE configuration ͑process B'͒ because the STE lifetime in Pt-I is extremely short ͑650 fs͒ and the time evolution of luminescence depends scarcely on the emission energy ͑Fig. 7͒. This lifetime is as short as twice the oscillation period in the STE state which is recently reported to be 270 fs (122 cm Ϫ1 in frequency͒. 20 This qualitatively different dynamics should be caused by the relatively lower energy barrier.
IV. SUMMARY
The ultrafast relaxation dynamics of photoexcited CT excitons in typical 1D strongly coupled electron-lattice systems, quasi-1D halogen-bridged Pt complexes has been comprehensively studied by femtosecond time-resolved luminescence spectroscopy. In Pt-Br, the frequency spectrum of bulk phonons which compose the interaction mode of the self-trapping process is estimated by applying a calculation model to the previous results. From the spectrum, the phonon modes which contribute to triggering the localization of the electronic wave function and stabilization of the localized state are discussed. In Pt-Cl, new short-lived hot luminescence is found in the low-energy side of the STE luminescence band. The overall behavior of the STE luminescence within 2 ps including the hot luminescence is well reproduced by the same model with assuming an appropriate phonon spectral density function, and is understood by the vibrational relaxation of the STE. In Pt-I, it is found that the STE has much shorter lifetime than in Pt-Cl and Pt-Br. By comparing the lifetimes in the three Pt-X systems at room temperature, it is found that the lifetime becomes shorter with decrease of the CT gap energy. This is attributable to the lowering of the energy barrier height in the nonradiative annihilation path. 
